Abstract.-The melanogaster species group of Drosophila (subgenus Sophophora ) has long been a favored model for evolutionary studies because of its morphological and ecological diversity and wide geographic distribution. However, phylogenetic relationships among species and subgroups within this lineage are not well understood. We reconstructed the phylogeny of 17 species representing 7 "oriental" species subgroups, which are especially closely related to D. melanogaster. We used DNA sequences of four nuclear and two mitochondrial loci in an attempt to obtain the best possible estimate of species phylogeny and to assess the extent and sources of remaining uncertainties. Comparison of trees derived from single-gene data sets allowed us to identify several strongly supported clades, which were also consistently seen in combined analyses. The relationships among these clades are less certain. The combined data set contains data partitions that are incongruent with each other. Trees reconstructed from the combined data set and from internally homogenous data sets consisting of three or four genes each differ at several deep nodes. The total data set tree is fully resolved and strongly supported at most nodes. Statistical tests indicated that this tree is compatible with all individual and combined data sets. Therefore, we accepted this tree as the most likely model of historical relationships. We compared the new molecular phylogeny to earlier estimates based on morphology and chromosome structure and discuss its taxonomic and evolutionary implications. [Diptera; Drosophila melanogaster; evolution; phylogeny.]
The melanogaster species group of Drosophila (subgenus Sophophora) is currently thought to contain at least 174 species, mostly of oriental or Afrotropical distribution (Bock and Wheeler, 1972; Bock, 1980; Ashburner et al., 1984; Lemeunier et al., 1986; Lachaise et al., 1988; Ashburner, 1989; Schawaroch, 2000 Schawaroch, , 2002 . Two factors have combined to make this group a powerful model for evolutionary studies: its morphological and ecological diversity and its inclusion of D. melanogaster, the workhorse of experimental biology and genetics for over a century (Ashburner, 1989; Powell, 1997) . In particular, members of the melanogaster species group are attracting increasing attention as models for understanding the genetic and molecular bases of morphological evolution (Stern, 1998; True et al., 1999; Kopp et al., 2000; Sucena and Stern, 2000) . The recent sequencing of the D. melanogaster genome (Adams et al., 2000) has further enhanced our experimental and comparative power.
Comparative studies must be conducted in a rigorous historical framework, and the need for a reliable phylogeny of the melanogaster species group has become increasingly obvious. Using the specialized classi cation system developed by Drosophila taxonomists, 12 subgroups are currently recognized within this species group (Hsu, 1949; Okada, 1954; Bock and Wheeler, 1972; Bock, 1980; Lemeunier et al., 1986; Toda, 1991; Schawaroch, 2000 Schawaroch, , 2002 . Based on morphological characters and chromosome structure, most of these subgroups fall into three main lineages: montium, ananassae, and the so-called oriental lineage composed of the eugracilis, cusphila, melanogaster, takahashii, suzukii, elegans, and rhopaloa subgroups (Ashburner et al., 1984; Lemeunier et al., 1986; Toda, 1991) . The position of three other subgroups (denticulata, avohirta, and longissima) has not been established, and a number of species remain unassigned (Bock, 1980; Schawaroch, 2000) . Originally, the term "oriental" was proposed to describe ve subgroups: takahashii, suzukii, elegans, cusphila, and eugracilis (Ashburner et al., 1984) . The melanogaster subgroup is actually Afrotropical in distribution but is similar to the oriental subgroups in morphology and chromosome structure (Ashburner et al., 1984; Lemeunier et al., 1986) . The recently proposed rhopaloa subgroup is thought to be related to the elegans subgroup (Toda, 1991; 786 Toda, pers. comm.) , a suggestion consistent with our analysis. For brevity, we use the terms "oriental lineage" and "oriental subgroups" to refer collectively to all seven subgroups. The oriental lineage is of particular interest because of its morphological diversity and close proximity to D. melanogaster. However, evolutionary relationships within this lineage are not well resolved. Studies based on morphological (Hsu, 1949; Okada, 1954; Bock and Wheeler, 1972) , chromosomal (Ashburner et al., 1984; Lemeunier et al., 1986) , and molecular (Pelandakis et al., 1991; Inomata et al., 1997; Goto and Kimura, 2001; Schawaroch, 2002) data have yielded con icting results. In molecular studies, all seven oriental subgroups were never represented at once, leaving many relationships obscure.
We used four nuclear and two mitochondrial gene sequences to reconstruct the molecular phylogeny of 17 oriental species representing seven species subgroups. In a separate report, we considered the implications of this phylogeny for understanding morphological evolution in the oriental lineage (Kopp and True, 2002) . For comparative analysis, it is important to know which relationships are strongly supported and which are more in doubt. We therefore attempted to obtain the best possible estimate of species phylogeny and to assess the extent and sources of remaining uncertainties. Comparison of trees derived from singlegene data sets has allowed us to identify several strongly supported clades that are also consistently seen in combined analyses. The uncertainty resides in the relationship among these clades. The total data set is heterogeneous, i.e., it contains data partitions that are incongruent with one another. Trees reconstructed from the total data set and from internally homogenous data sets consisting of three or four genes each differ at several deep nodes. However, statistical tests show that the total data set tree is compatible with all individual and combined data sets. Therefore, we accept this tree as the most likely model of historical relationships.
MATERIALS AND METHODS

DNA Sequences
The 28S ribosomal RNA (rRNA) domain D2 sequence (28S; alignment length, 341 bases) corresponds to positions 3,705-4,046 of the 28S rRNA of D. melanogaster (GenBank accession no. X71159; Tautz et al., 1988) . PCR ampli cation and sequencing were performed using primers 28S-F (CCC GAA GTA TCC TGA ATC TTT CGC ATT G) and 28S-R (GCC CGA TGA ACC TGA ATA TCC GTT ATG G).
The mitochondrial cytochrome oxidase subunit 1 sequence (CO1; alignment length, 407 bases) corresponds to positions 2,205-2,611 of the complete mitochondrial genome of D. melanogaster (accession no. U37541). Ampli cation and sequencing were performed using primers F-CO1 (CCA GCT GGA GGA GGA GAT CC) and R-CO1 (CCA GTA AAT AAT GGG TAT CAG TG) (Gleason et al., 1997) .
The alpha-amylase gene sequence (Amy; alignment length, 726 bases) corresponds to positions 181-906 of the D. melanogaster cDNA (accession no. L22719). The Amy locus has been tandemly duplicated in the melanogaster species subgroup, with the two duplicates evolving in a concerted fashion (Inomata et al., 1995; Shibata and Yamazaki, 1995) . Therefore, for D. melanogaster, D. teissieri, and D. orena, only the proximal duplicates were used in the analysis. PCR ampli cation and sequencing were performed using primers Amy-F (AGG TCT CCC CTG TGA ACG AGA ACG CCG T) and Amy-R (ACG AAT ACC AGG GAG CGG TCG GAG GCA GC).
The glycerol-3-phosphate dehydrogenase sequence (Gpdh; alignment length, 431 bases) corresponds to positions 3,447-3,876 of the D. melanogaster cDNA (accession no. X61223). This region includes 63 bases of exon 3, 307 bases of exon 4, and the intervening 61-base intron that was used in some but not all analyses. The full data set containing the intron is referred to here as Gpdhint, and the exons-only data set is referred to as Gpdh. For most species, PCR ampli cation was performed using primers GNL-mel (GTG GTG CCC CAC CAG TTC AT) and GNR-mel (GGC TTG AGC TGA TTT GTG CA) (Barrio and Ayala, 1997) . Ampli ed fragments were sequenced using primers GNLmel and Gpdh-R (CCC ATC AAC ACG GCG CAT GG) (Goto et al., 2000) . For D. biarmipes, primers biaGpdh-F (AAG GCC GAG GGC GGT GGC ATC GAT CTG AT) and biaGpdh-R (GGG TAG AAG ACG TCC ACG AAG CGA ATC AT) were used for both amplication and sequencing.
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The°-dynein heavy chain gene sequence (kl3) corresponds to positions 3,674-4,321 of the D. melanogaster cDNA (accession no. AF313480). The intervening intron could not be aligned and was excluded from analysis (remaining alignment length, 661 bases). For most species, ampli cation and sequencing were performed using primers kl3-F1 (AGC TTT GGT GCC ATG AGT GTA CGA) and kl3-R1 (ATT GTC TTG CGT AGC TGG TCG ACG). For D. eugracilis, reverse primer kl3-R4 (GTT AAT GTC ATT TGA AAA AAT TTR TAK CCA G) was used instead of kl3-R1.
The fragment of the mitochondrial genome referred to here as ND1 (alignment length, 1,705 bases) spans part of cytochrome b, tRNA-Ser, NADH dehydrogenase subunit 1 (ND1), tRNA-Leu, and part of the 16S rRNA gene. This sequence corresponds to positions 11,549-13,255 of the complete mitochondrial genome of D. melanogaster (accession no. U37541).
Sequence accession numbers, literature references, and sources of genomic DNA are listed in Table 1 . For combined data sets comprising several gene sequences, the following abbreviations are used throughout this report: AGSC-Amy, Gpdh (without intron), 28S, and CO1; AGSCi-same as previous, but with the Gpdh intron included; AGSCKisame as previous plus kl3; AGSCKNi-same as previous plus ND1; GSCi-Gpdh including intron, 28S, and CO1; GSCKi-same as previous plus kl3; GSCKNi-same as previous plus ND1; AGKi-Amy, Gpdh including intron, and kl3; AGKSi-same as previous plus 28S.
Taxon Sampling
Our taxon sample included 17 ingroup species representing 7 species subgroups (melanogaster, takahashii, suzukii, elegans, eugracilis, cusphila, and rhopaloa) . An eighteenth species, D. erecta, was included in the ND1 data set. We assume that the oriental subgroups form a monophyletic clade to the exclusion of the montium and ananassae subgroups. This assumption is supported by molecular, morphological, and chromosomal data (Bock and Wheeler, 1972; Bock, 1980; Ashburner et al., 1984; Lemeunier et al., 1986; Pelandakis et al., 1991; Inomata et al., 1997; Goto and Kimura, 2001; Schawaroch, 2000 Schawaroch, , 2002 . Drosophila ananassae and D. bipectinata from the ananassae subgroup and D. kikkawai from the montium subgroup were used as outgroup taxa. The relationship between these lineages and the oriental clade was not investigated. (For species descriptions and discussions of their taxonomic positions, see Bock and Wheeler, 1972; Bock, 1980; Lemeunier et al., 1986; Toda, 1991; Sultana et al., 1999; Schawaroch, 2000) . Table 1 lists all Drosophila species considered in this analysis, their subgroup af liations, abbreviations used in this report, sequences available for each species, and GenBank accession numbers for each sequence. Not every sequence was available for every species; in combined data sets, missing data were coded as gaps. When different genes were sequenced from different strains of the same species, we did not consider this an impediment to combining the data. The only exception is the Amy sequence from the elegans 1 strain, which was placed very distantly from the elegans 3 strain by Inomata et al. (1997) . The elegans 3 sequence contains several gaps that are not present in any other species. We have sequenced Amy from two additional strains of D. elegans, and these sequences closely matched the elegans 3 allele. We therefore excluded the elegans 1 allele from further analysis.
The following abbreviations are used throughout this report to refer to three well-supported monophyletic groups: mel D melanogaster species subgroup; tmsb
Sequence Alignment
Multiple sequence alignment was performed using ClustalW (Thompson et al., 1994) , with a gap opening penalty of 15.0, gap extension penalty of 6.66, and transition weight of 0.5 (relative to transversions). All alignments were con rmed and edited manually (where necessary) in MacClade (4.03; Maddison and Maddison, 2000) and imported into PAUP ¤ (4.0b4a; Swofford, 2000) . Gaps were treated as missing characters.
Complete Amy and CO1 sequences and Gpdh and kl3 exon sequences could be aligned entirely without gaps. The 28S sequences differed by a small, precisely identi able indel at position 220 of the alignment. The ND1 alignment contained several small gaps that could not (9) AY098465 (9) AY098454 (9) AY098475 (9) AF164593 (8) 789 be aligned unambiguously, and the corresponding positions were removed from the data matrix. The kl3 intron could not be aligned and was excluded from analysis. Although the 61-bp intron of Gpdh could be aligned unambiguously at most positions, the alignment of some short stretches was not obvious to the eye. However, the optimal alignment was robust over a wide range of gap penalties and match/mismatch parameters. Inclusion of the intron in the Gpdh data set or in any of the combined data sets did not affect the topology of bootstrap consensus trees but resulted in higher bootstrap and posterior probability values at most nodes. We therefore chose to include this intron in most combined data sets.
Phylogeny Reconstruction
Maximum parsimony and maximum likelihood analyses were performed with PAUP ¤ 4.0b4a. The TBR branch swapping algorithm was used for heuristic searches. For maximum parsimony, all characters were weighted equally. For each data set, maximum parsimony analysis was repeated 1,000 times with random order of sequence addition to explore the tree space for the presence of multiple optima. In all cases except CO1, a single tree island emerged, suggesting that alternative optima were absent. Two tree islands were found for CO1. Node stability was assessed by nonparametric bootstrapping (Felsenstein, 1985) with 1,000 replicates for maximum parsimony and 100-500 replicates for maximum likelihood, using simple order of sequence addition and TBR branch swapping. The resulting majority-rule consensus trees are shown for each data set.
For maximum likelihood analysis, empirical base frequencies were used. Other model parameters (substitution rate matrix, shape parameter of the gamma distribution, and the percentage of invariable sites) were estimated in PAUP ¤ by progressive simpli cation of a full GTRC0CI model (Rodriguez et al., 1990) on trees reconstructed by maximum parsimony or maximum likelihood under a simpli ed model. Likelihood-ratio tests were used to compare the t of each nested model, and the simplest model that produced a good t was used for phylogeny reconstruction. Model parameters for each data set are shown in Table 2 . In most cases, greatly simpli ed models that t data poorly nevertheless result in the same tree topologies as the more complicated models, albeit with somewhat lower bootstrap values (data not shown). Thus, for our data, the choice of model parameters has little in uence on phylogeny reconstruction. This was particularly true in the analysis of combined data sets.
MrBayes (Huelsenbeck, 2000) was used for Bayesian inference of phylogeny. Rather than attempting to reconstruct a single best tree, this method uses a Markov chain Monte Carlo algorithm to sample a large number of phylogenies according to their posterior probabilities (Yang and Rannala, 1997; Larget and Simon, 1999) . The percentage of sampled trees that contain a particular split is taken as an estimate of the posterior probability of that split, given the data and prior parameters. All analyses were performed with uninformative priors, and maximum likelihood parameters were estimated as part of the analysis. Three heated chains were used in addition to the single cold chain (Huelsenbeck, 2000) . For each data set, analysis was repeated two to four times, and the chain was allowed to run for 1-2 million generations with trees sampled every 500 steps. For each data set, consensus trees with identical topologies and similar posterior probability values were produced every time, suggesting that tree distributions did not contain alternative optima (data not shown).
For each data set, the bootstrap consensus trees from parsimony and likelihood analyses and the Bayesian consensus tree had identical or compatible topologies. Therefore, the best resolved of the three consensus trees is shown for each data set (Figs. 1-3). A node was considered unresolved if no method provided >50% support for that node. In combined data set trees (Fig. 2) , branch lengths found by Bayesian analysis are shown.
Statistical Tests
Each gene was tested for nonstationary nucleotide composition by the Â 2 homogeneity test in PAUP ¤ . The test was performed on the total base composition and then separately on variable sites only. Using the latter approach, the Amy gene had signi cant variation in nucleotide composition across taxa (P < 0:0001). For all other genes, no deviations from stationarity were detected ( P > 0:396). 2. Bootstrap/Bayesian consensus trees for combined Drosophila data sets. The three numbers shown at each dichotomous node are (top to bottom) maximum parsimony bootstrap value, maximum likelihood bootstrap value (italic), and Bayesian posterior probability of the corresponding split (bold). Branch lengths are from Bayesian analysis. Numbers of replicates and likelihood model parameters are given in Table 2 . The trees differ in the placement of three major clades: "tmsb," "elf," and the melanogaster subgroup. (a) Total data set. The combined data sets AGSC, AGSCi, AGSCKi, and AGSCKNi also produced this tree topology. However, the degree of support for each node differred among data sets. At each node, the highest bootstrap and posterior probability values obtained for that node from any data set are shown. (Table 4 lists bootstrap and posterior probability values at each node for each combined data set.) (b) AGKi. (c) GSCKi.
Incongruence among data sets was assessed by the incongruence length difference (ILD) test (Farris et al., 1994 (Farris et al., , 1995 in PAUP ¤ . The ILD test was performed for each pairwise combination of genes and for several combined data sets. Between 100 and 10,000 permutations were used to generate null distributions of tree length differences. Trees were reconstructed with heuristic searches using maximum parsimony. For pairwise comparisons, signi cance was assessed using Bonferroni-corrected critical P values.
Compatibility among phylogenetic trees derived from different data sets was assessed by the Kishino-Hasegawa (KH) and Shimodaira-Hasegawa (SH) tests (Kishino and Hasegawa, 1989; Shimodaira and Hasegawa, 1999) in PAUP ¤ . All possible pairwise comparisons among single-locus data sets were performed in the following way. For each locus, the optimal unconstrained tree was reconstructed by maximum likelihood using empirically estimated parameters, and 100-500 bootstrap replicates were performed to assess node stability. Nodes with bootstrap support of <70% were collapsed. The resulting partially resolved consensus tree was used as the constraint tree for that locus. To assess compatibility between two loci (A and B), the optimal unconstrained tree reconstructed from locus A was compared to the optimal constrained tree reconstructed from locus A under the constraint derived from locus B, using the maximum likelihood parameters estimated for locus A. relatively conservative, because weakly supported nodes are excluded from analysis. A more stringent approach, using the optimal unconstrained trees derived from each data set, was applied to test for compatibility between two combined data sets or between an individual data set and a combined data set. Bonferroni-corrected P values were used to assess signi cance in most cases.
Traditionally, the Templeton (Templeton, 1983; Larson, 1994) and KH tests have been used for comparing trees derived from independent data sets (Cannatella et al., 1998; Clark et al., 2000; Goto and Kimura, 2001 ). However, Goldman et al. (2000) noted a serious weakness in this application of the Templeton and KH tests: for each data set, one of the trees being compared is known ahead of time to be the optimal tree for that data set. Thus, the null hypothesis that the two trees account for the data equally well is violated from the outset. The SH test, which is explicitly designed for assessment of a posteriori hypotheses (Shimodaira and Hasegawa, 1999; Goldman et al., 2000) , may therefore be more appropriate. However, this test has its own pitfalls. Namely, the set of trees to be evaluated must contain every a priori possible topology (Goldman et al., 2000) . In the case of trees derived from different data sets, it is not clear what such a fully inclusive set of trees should be, and it is quite likely that the P values calculated in our analyses are systematically underestimated. In most cases, the KH and SH tests produce similar results.
RESULTS
Separate Analysis
We used maximum parsimony, maximum likelihood, and Bayesian analysis to reconstruct phylogenetic trees from each of the six individual data sets. With the rst two methods, node support was evaluated by nonparametric bootstrapping (Felsenstein, 1985) . For Bayesian analysis, no attempt is made to reconstruct a single "true" tree. Rather, a large number of phylogenies are sampled by the Markov chain Monte Carlo method, with frequency proportional to their posterior probabilities (Yang and Rannala, 1997; Larget and Simon, 1999; Huelsenbeck, 2000) . The percentage of sampled trees that contain a particular split is taken as an estimate of the posterior probability of that split. For each locus, the 50% majority-rule consensus trees obtained by the three different methods were identical or compatible with each other. Therefore, the best resolved consensus tree is shown for each gene (Fig. 1) . Some properties of the individual data sets are also summarized in Table 3 .
The 28S data set has few parsimonyinformative characters (26 ; Table 3 ) and produced 157 equally parsimonious trees. A strict consensus of these trees is weakly resolved but is compatible with the bootstrap/Bayesian consensus tree shown in Figure 1a . In the 28S tree, the monophyletic melanogaster subgroup is well supported. The CO1 data set contains 72 parsimonyinformative characters and produced ve equally parsimonious trees. The bootstrap/Bayesian consensus tree is weakly resolved (Fig. 1b) . The only supported clades are the melanogaster and elegans subgroups Table 1 ). d Number of resolved nodes (Fig. 1) , excluding the ingroup-outgroup node. Maximum possible number of dichotomous nodes given in parentheses.
e Number of nodes compatible with the combined data tree (Fig. 2a) . Total number of resolved nodes given in parentheses.
and a clade consisting of the takahashii subgroup plus D. mimetica and D. suzukii. An identical tree was obtained when only third codon positions were considered, although the bootstrap support for most nodes was diminished (not shown). Conversely, eliminating third positions from the analysis resulted in a weakly resolved tree that places D. eugracilis at the base of the oriental lineage but is compatible with the tree in Figure 1b in all other respects (not shown). The basal position of D. eugracilis is also supported by other data sets (Figs. 1c, 1d , 2). The Amy data set has 143 parsimonyinformative characters and produced a wellresolved bootstrap/Bayesian consensus tree (Fig. 1c) cusphila, and D. eugracilis.
The Â 2 homogeneity test shows that the nucleotide composition at the Amy locus is signi cantly nonstationary when only the variable positions are examined ( P < 0:0001). Moreover, the two most basal ingroup species (D. cusphila and D. eugracilis) are intermediate between the outgroup taxa and the rest of the ingroup lineage in their GC content (59-62%, 57-58%, and 63-68%, respectively, at all positions; 59-70%, 53-57%, and 74-80% at variable positions). This nding raises the possibility that D. cusphila and D. eugracilis are spuriously attracted to the base of the tree because of systematic biases in nucleotide composition (e.g., Tarrio et al., 2001) . We therefore reanalyzed the Amy sequences using minimum evolution with LogDet-transformed distances, which should reduce the in uence of compositional biases (Lake, 1994; Lockhart et al., 1994; Swofford et al., 1996; Mallatt and Winchell, 2002 ; but see Foster and Hickey, 1999, and Tarrio et al., 2001 , for exceptions). The resulting bootstrap consensus tree is identical in topology to the trees obtained by other methods (Fig. 1c) . In particular, D. cusphila and D. eugracilis retain their basal positions, suggesting that this result is unlikely to be due solely to the compositional bias.
The region of the Gpdh gene used in our analysis contains a 61-bp intron. Figure 1 shows bootstrap/Bayesian consensus trees derived from the complete data set (Fig. 1d) and from exon sequences only (Fig. 1e) . The inclusion of the intron did not affect the consensus tree topology but produced higher bootstrap and posterior probability values at most nodes. The intron sequence was therefore included in most combined data sets. The Gpdh consensus tree provides good support for a monophyletic takahashii subgroup, which also forms a strongly supported monophyletic group with D. mimetica. This clade is grouped, with moderate support, with another well-supported clade consisting of D. suzukii and D. biarmipes (conrming the tmsb clade). The other strongly supported clades are the melanogaster and elegans subgroups; the latter is also grouped with D. lucipennis and D. fuyamai.
The kl3 data set is the smallest, with only eight taxa. In the consensus tree (Fig. 1f) Although the ND1 sequence is the longest and contains 128 parsimony-informative characters, it produced the most dubious results (Fig. 1g) Different genes have different utility for reconstructing phylogenetic relationships at the species group level. In particular, the mitochondrial sequences (CO1 and ND1) appear to be far less useful than nuclear genes for resolving deep nodes (see also DeSalle and Brower, 1997; Rodriguez-Trelles et al., 2000a; Baker et al., 2001; Goto and Kimura, 2001) . Although both CO1 and ND1 carry considerable phylogenetic signal that can form a valuable part of a multilocus data set, it is probably unwise to rely exclusively on mitochondrial sequences. Of the nuclear genes, variation in 28S rRNA is too low to provide enough information at relevant evolutionary distances (Pelandakis et al., 1991) . Based on our results and those previously published (Inomata et al., 1997; Goto and Kimura, 2001 ), Gpdh, Amy, and kl3 provide the best resolution. However, the nucleotide composition bias at the Amy locus could render this gene less reliable at higher taxonomic levels (see Rodriguez-Trelles et al., 2000b; Tarrio et al., 2001 ).
Taxonomic Congruence
Because not every gene sequence was available for every species (Table 1) , we removed some taxa from the larger data sets for the purposes of combined analysis. Table 3 indicates the number of nodes in this taxon subsample that were resolved by individual gene data sets. With 12 ingroup taxa, the maximum number of dichotomous nodes excluding the ingroup-outgroup node is 10. As expected, the data sets with many informative characters (Gpdh, Amy, kl3, and ND1) provided better resolution than did the less informative sequences (CO1 and 28S). Table 3 also shows the number of nodes in every gene tree that are compatible with the combined data set tree. Although the four nuclear genes have a relatively high degree of congruence with the combined data set, the two mitochondrial sequences (CO1 and ND1) are largely incompatible with it. This discrepancy between nuclear and mitochondrial phylogenies has also been observed in previous studies (DeSalle and Brower, 1997; Clark et al., 2000; Baker et al., 2001) .
None of the individual gene trees are completely congruent with one another or with the combined data set tree ( Fig. 1; Table 3 ). The strict consensus of the six trees is almost completely unresolved (not shown). However, the semistrict (combinable component) consensus provides a degree of resolution when the ND1 tree is excluded (Fig. 1h) 
Combined Analysis
The combined data set including 12 ingroup species and all 6 gene sequences produced a fully resolved bootstrap/Bayesian consensus tree (Fig. 2a) . Identical tree topologies were produced by maximum parsimony, maximum likelihood, and Bayesian analysis. No alternative tree topologies were observed either in parsimony tree-island pro les or in four independent Bayesian searches. Thus, the tree in Figure 2a is almost certainly the single optimal tree for the combined data set.
In The last species appears to be the most basal within the oriental lineage (Fig. 2a) .
Several combined data sets of increasing size (AGSC, AGSCi, AGSCKi, and AGSCKNi) produced an identical consensus tree topology but with different bootstrap/posterior probability support at different nodes. The values shown in Figure 2a are the maximum values for each node from any of the combined data set analyses. Table 4 indicates the bootstrap/posterior probability values at each node for each of the data sets. Although the overall support for most nodes is strong, different combinations of data support each node to a different extent. The nodes of the combined data tree fall into three general classes. The rst class of nodes is supported strongly by all data sets; these nodes include the melanogaster subgroup, D.
TABLE 4. Bootstrap and posterior probability values at each node are listed for four combined Drosophila data sets that produce the same consensus tree topology (Fig. 2a) but with different support. In each cell, the three numbers are maximum parsimony bootstrap value/maximum likelihood bootstrap value/Bayesian posterior probability of the split. There are some caveats associated with maximum likelihood analysis of combined data sets. Because base frequencies, substitution matrices, and other likelihood parameters are clearly different for different sequences, using a single set of estimated parameters for the entire combined data set may be considered inappropriate. However, tree topology is independent of the maximum likelihood parameters to a remarkable extent. Greatly simpli ed, poorly tting models (such as those assuming equal base frequencies or equal substitution rates) nevertheless produce the same tree topology as do the best-tting models, although with lower bootstrap support and different branch lengths (data not shown; for a discussion of the effects of model complexity on tree topology, branch lengths, and nonparametric bootstrap support, see Buckley et al., 2001; Buckley and Cunningham, 2002) . This topology is also identical to those produced by Bayesian analysis, in which posterior probabilities of trees are obtained by marginalizing TABLE 5 . P values (above diagonal) and tree scores (below diagonal) for pairwise ILD tests with Drosophila single-gene data sets. Bonferroni-corrected critical P value is 0.0025, which corresponds to the experimentwise P D 0:05 divided by the number of comparisons (20). In the tree-score cells, the rst number is the length of the most parsimonious tree obtained from unpermuted data, and the second number is the length of the shortest tree obtained from permuted data; 100 permutations were performed for most pairwise tests. across substitution model parameters, and by maximum parsimony, which implies a simpli ed model of sequence evolution.
Compatibility and Con ict among Data Partitions
We used two different approaches to determine the degree of congruence among individual data sets. The rst was the ILD test, which measures the amount of excess homoplasy that results from combining multiple data partitions (Farris et al., 1994 (Farris et al., , 1995 . The results of pairwise comparisons are shown in Table 5 . We used the Bonferroni correction to account for multiple comparisons. Because 20 pairwise comparisons were performed, the experimentwise critical P value of 0.05 corresponds to the Bonferroni-corrected critical value of 0.0025. In general, the pairwise incongruence among the data sets was relatively low compared with that in other studies of Drosophila where multiple data partitions were analyzed (DeSalle and Brower, 1997; O'Grady et al., 1998; Baker et al., 2001) . Only one combination (between Amy and ND1) produced a signi cant P value. However, when the ILD test was performed for combined data sets (AGSCi, AGSCKi, and AGSCKNi), homogeneity was rejected ( P < 0:05) in each case, indicating a signi cant total amount of incongruence among data partitions (Table 6 ). Because most individual sequences are relatively short (<1 kb) and some differ considerably in size, we cannot rule out the possibility that the apparent congruence observed in pairwise tests may be due to insuf cient statistical power (Dowton and Austin, 2002 ). An increasing number of authors have suggested that the ILD test is a poor criterion of data combinability (Yoder et al., 2001; Barker and Lutzoni, 2002; Dowton and Austin, 2002) .
In the second approach, we used the KH and SH tests to compare tree topologies produced by different data sets. For each individual gene sequence, we tested whether the optimal tree reconstructed from that data set accounted for the data signi cantly better than trees reconstructed from every other individual data set. Bonferroni correction was applied to allow for multiple comparisons. No signi cant differences were found, although some P values were signi cant prior to the Bonferroni correction (Table 7) . Thus, as in the ILD tests, the amount of con ict among loci appears to be low. 
Alternative Data Partitions
One of the goals of our analysis was to estimate the extent and sources of remaining uncertainties. In the combined data set tree (Fig. 2a) , three deep nodes are supported less strongly than others. Moreover, support for these nodes decreases as more loci are added to the analysis (Table 4) . We therefore decided to partition the total data set into overlapping, internally homogenous data sets and to compare phylogenetic trees reconstructed from these data sets with the combined data tree. Combined data sets that did not include Amy (GSCi, GSCKi, and GSCKNi) were internally homogenous by the ILD test ( P D 0:30-0.48) ( Table 6 ). Combined data sets that included Amy but exclude the mitochondrial genes (AGKi and AGKSi) were also internally homogenous ( P D 0:10-0.51) ( Table 6 ). The resulting trees differ from the total data tree only at the deep nodes. In the AGKi tree (Fig. 2b) , the elf and tmsb clades are grouped together in a clade with fairly strong support, to the exclusion of the melanogaster subgroup. In all other respects, the tree is identical to the total data tree. In the GSCKi tree (Fig. 2c) , the elf clade moved to the base of the tree from its position as a sister group to the mel C tmsb clade, and D. cusphila is inferred to be more basal than D. eugracilis. In other respects, the GSCKi tree is identical to the total data tree.
For each combined data set (AGKi, GSCKi, and total data set), all three analytical methods (parsimony, likelihood, and Bayesian) produced identical tree topologies. Although the trees disagree with each other at some nodes, support for these nodes on each tree is fairly high (with the exception of the (tmsb C mel) C D. cusphila node in the GSCKi tree). Thus, any uncertainty over the tree topology resides in the data and not in the method of inference.
We used SH tests to assess the three alternative tree topologies (AGKi, GSCKi, and total data set). First, we determined the compatibility of each single-gene data set with each of the combined data trees. Once the Bonferroni correction was applied to account for multiple comparisons, every locus was compatible with every tree (Table 8) . Second, we compared the likelihood scores of the three alternative topologies for each of the combined data sets, using model parameters estimated for that data set. In each case, the difference was not signi cant (Table 9) , especially because the P values could be systematically underestimated. In other words, for each of the three data sets, the best tree constructed from that data set did not account for the data signi cantly better than did the two alternative trees. We also repeated this analysis using the AGSC, AGSCi, and AGSCKi data sets (which produced trees identical to the total data tree). Again, for each of these data sets, the difference in likelihood scores among the three alternative topologies was not signi cant (Table 9).   TABLE 8 . P values for Shimodaira-Hasegawa tests for Drosophila combined-data trees. For each single-locus data set, the optimal tree reconstructed from that data set by maximum likelihood using optimized parameters was compared with the optimal tree reconstructed similarly from each combined data set. The Bonferronicorrected critical P value is (0:05=7) TABLE 9 . P values for alternative Drosophila combined-data tree topologies by the ShimodairaHasegawa (SH) test. For each combined data set the best tree reconstructed from that data set by maximum likelihood using optimized parameters was compared with the best tree reconstructed similarly from an alternative data set. The maximum likelihood parameters used in the SH tests were those estimated for the data set on the left. Pairwise comparisons are treated as separate experiments, and the critical value of P D 0:05 was adopted.
No P values are signi cant. 
Phylogeny of the takahashii Subgroup
In a separate analysis, we studied phylogenetic relationships within the takahashii species subgroup using Gpdh (including intron) and CO1 sequences. Drosophila mimetica and D. suzukii, which are closely related to the takahashii subgroup (Figs. 1b, 1d , 2), were used as outgroups. For this taxon subsample, no incompatibilities between data partitions were found by either ILD or SH tests (data not shown), and the data sets were combined. The combined data set produced a single most parsimonious tree, which is identical in topology to the bootstrap/Bayesian consensus tree shown in Figure 3 . The degree of support for the different nodes in this tree ranges from moderate to weak, suggesting that the available sequences are insuf cient to resolve phylogenetic relationships rmly. However, we can provisionally infer that D. pseudotakahashii is basal within the takahashii subgroup, followed by D. prostipennis.
DISCUSSION
Combining Information from Multiple Sources
Gene trees are not always the same as species trees, and information from multiple unlinked loci is essential for a reliable estimate of species phylogeny (Maddison, 1997; Barraclough and Nee, 2001; Nichols, 2001) . Multilocus data sets offer two major advantages. First, our con dence in the inferred relationships is greatly improved when they are supported by several independent data sets. Second, each individual locus may not contain suf cient information to resolve all relationships; thus, combining the data may increase the amount of phylogenetic signal and provide the necessary resolution. Problems arise when different loci support con icting phylogenies. Perfect agreement among multiple sources of character information is rare (e.g., Goto et al., 2000; Johnson and Clayton, 2000) , and most multilocus studies have revealed some degree of incompatibility among loci (Baker and DeSalle, 1997; Ballard et al., 1998; O'Grady et al., 1998; Remsen and DeSalle, 1998; Baker et al., 2001; Goto and Kimura, 2001) . Potential reasons for such incompatibility are twofold. First, different genes may truly have different evolutionary history (Maddison, 1997; Kliman et al., 2000; Ting et al., 2000) . Second, they may share the same history but nevertheless produce different trees because of sampling error or misleading signals.
Several approaches have been proposed for reconstructing phylogenies from multiple data sets (reviewed by Huelsenbeck et al., 1996) . One approach is to analyze each data set separately to generate an independent estimate of species phylogeny and to test these estimates for taxonomic congruence (Miyamoto and Fitch, 1995) . Clades supported by multiple independent loci can be accepted with con dence. The opposite approach is to combine all data sets in a single analysis so as to maximize the number of informative characters (Kluge, 1989; Kluge and Wolfe, 1993) . The main assumption of this approach is that phylogenetic reconstruction is consistent, i.e., converges on the "true" tree with the addition of more data. However, combining con icting data partitions may result in inconsistency, reducing the probability of nding the correct phylogeny as more characters are added to the analysis (Bull et al., 1993) . A compromise approach has therefore been proposed, in which data sets are rst tested for compatibility and then combined only if no con ict is detected (Bull et al., 1993; Huelsenbeck et al., 1996) .
Although this last approach is conceptually the most attractive, it is often dif cult to implement in practice. The crux of the problem is that each locus is usually incompatible with some but not all of the other loci. Thus, any partitioning of the total data set (short of the separate analysis of each gene) results either in combining some sequences that are incompatible with one another or in separating sequences that are compatible (Baker and DeSalle, 1997; O'Grady et al., 1998; Baker et al., 2001) .
In this study, we used a combination of all three approaches both to reconstruct phylogenetic trees and to pinpoint their weaknesses. Separate analysis of the six single-locus data sets revealed a number of relationships that were supported by all or most loci and that can therefore be accepted with con dence. At the same time, separate analysis also identi ed the nodes for which the individual data sets either lacked resolution or con icted with one another. We investigated these nodes using combined data sets. Analysis of the total data from all six loci produced a single fully resolved, strongly supported tree. Although there was some incongruence among the individual loci, the degree of con ict was relatively low compared with that in other multilocus studies (DeSalle and Brower, 1997; O'Grady et al., 1998; Baker et al., 2001) . We separated the data into two overlapping, internally homogenous data sets composed of three or four loci each. Analysis of these data sets resulted in trees that differed from the combined data tree only at some of the deep nodes. For each data set, maximum parsimony, maximum likelihood, and Bayesian analysis produced identical trees, indicating that uncertainty over the tree topology resides in the data and not in the method of inference.
Because the total data tree (Fig. 2a) is compatible with each individual gene data set (Table 8 ) and with every internally homogenous combined data set (Table 9) , we can accept this tree as the most probable phylogenetic model. However, we must also acknowledge a degree of uncertainty about some of the deep nodes, and these nodes may be revised as more data become available or if alternative approaches are adopted. In particular, if we disregard or downweight the mitochondrial sequence data, which appear to be less reliable than nuclear data for phylogenetic reconstruction in Drosophila and other dipterans even over short evolutionary distances (DeSalle and Brower, 1997; O'Grady et al., 1998; Baker et al., 2001; Goto and Kimura, 2001) , the tree in Figure 2b becomes the most likely hypothesis. When using phylogenetic models to reconstruct the evolution of phenotypic characters, it is essential to keep track of which nodes are strongly supported and which remain in question.
Phylogenetic Relationships within the Oriental Lineage
Morphological, chromosomal, and molecular data have often suggested different relationships among species subgroups within the oriental lineage. To our knowledge, no systematic cladistic analysis of morphological traits has been attempted to date. Based on the structure of male genitalia, Hsu (1949) considered the suzukii subgroup to be the most basal within the melanogaster species group. Okada (1954) suggested that the melanogaster, takahashii, and cusphila subgroups were closely related and formed a lineage distinct from the suzukii, montium, and ananassae subgroups. Bock and Wheeler (1972) established the elegans subgroup and pointed to its similarity to the suzukii subgroup. However, in light of our ndings, the suzukii subgroup is clearly polyphyletic and has little meaning as a taxonomic unit.
Metaphase chromosome morphology of all oriental species that have been examined shows a high degree of similarity (Ashburner et al., 1984; Lemeunier et al., 1986) . Drosophila elegans possesses what is considered the basal karyotype, with ve rod chromosomes of uniform length (elements A though E). This karyotype is thought to be primitive rather than derived by ssion because of the rarity of chromosome number increases in the Drosophilidae (Lemeunier et al., 1986) . Most other oriental species are characterized by the fusion of elements B with C and D with E to form the long metacentric autosomes and by the presence of a "dot" fourth chromosome (Lemeunier et al., 1986) .
Four molecular studies have been published to date that consider the relationships among subgroups within the oriental lineage. Based on 28S rRNA data, Pelandakis et al. (1991) recognized three clades within the oriental lineage:
cusphila-elegans, takahashii-suzukii-eugracilis, and melanogaster. Unfortunately, that study was based on a small amount of data and gave little support for the proposed groupings. Similarly, the analysis by Inomata et al. (1997) , using the Amy gene sequence, supported the existence of the oriental lineage distinct from the ananassae and montium subgroups but provided little resolution within this lineage. The two most comprehensive studies, in terms of both taxon sampling and the amount of data, are those of Goto and Kimura (2001) and Schawaroch (2000 Schawaroch ( , 2002 . The former, based on Gpdh and CO1 sequences, supported the monophyly of the takahashii subgroup and its close relationship to D. suzukii, and the elegans subgroup was the most basal group within the oriental lineage. In general, the phylogeny of Goto and Kimura (2001) is similar to our GSCKi tree (Fig. 2c) , which is not surprising considering that the Gpdh and CO1 sequences comprise most of that data set. This phylogeny is also consistent with the chromosomal data. The study of Schawaroch (2000 Schawaroch ( , 2002 , based on alcohol dehydrogenase, hunchback, and cytochrome oxidase II sequences (none of which were used in our analysis), con rms the monophyly of the takahashii subgroup and its proximity to D. mimetica. A close relationship was also found between D. elegans and D. lucipennis, as in our study. Drosophila eugracilis was placed as a sister taxon to the melanogaster subgroup, similar to the results obtained with our kl3 data set (Fig. 1f) . Unfortunately, many nodes in the phylogeny of Schawaroch (2000 Schawaroch ( , 2002 have low bootstrap support (<50%), making it dif cult to evaluate the extent to which our results are incompatible. Figure 4 summarizes the most probable phylogeny that emerged from our multilocus reconstruction, subject to the uncertainties and quali cations described throughout this report. In this phylogeny, the suzukii subgroup is polyphyletic. Two species traditionally ascribed to this subgroup, D. suzukii and D. biarmipes (synonymous with D. rajasekari; Bock, 1980) , do form a monophyletic group. However, D. mimetica is the sister taxon to the monophyletic takahashii subgroup. Together, the takahashii-mimetica and suzukii-biarmipes clades from a strongly supported tmsb clade. The fourth member of the suzukii subgroup, D. lucipennis, is very distant from this clade, as a sister taxon to the elegans subgroup (Fig. 4) . The elegans-lucipennis clade clusters in turn with D. fuyamai, the single examined representative of the rhopaloa subgroup. The tmsb clade is the closest to the melanogaster subgroup. The elegans-lucipennis-fuyamai clade forms the nearest outgroup to the tmsb-melanogaster clade, followed by D. cusphila. Drosophila eu- gracilis appears to be the most basal species of the oriental lineage (Fig. 4) .
Relative Utility of Molecular and Morphological Data and the Nature of Species Subgroups
Species subgroups in Drosophila are phenetic, not cladistic, entities, and their de nitions tend to be based on a relatively small number of traits, mainly those of the male genitalia (Hsu, 1949; Okada, 1954; Bock and Wheeler, 1972) . Molecular phylogenies highlight both successes and failures of this classi cation. The monophyly of the melanogaster and takahashii subgroups is supported by molecular data (e.g., Goto and Kimura, 2001 ; this study). Species within each of these subgroups are also morphologically similar to one another. However, monophyly is strongly rejected for the morphologically diverse suzukii subgroup. The rhopaloa subgroup is equally diverse (Toda, 1991) , and its unity should not be accepted without question.
Although morphological characters have generally been useful in de ning species subgroups, their utility in determining the relationships among subgroups has been very limited (Hsu, 1949; Okada, 1954; Bock and Wheeler, 1972) . In a separate report (Kopp and True, 2002) , we considered the implications of our molecular phylogeny for understanding the patterns of morphological evolution in the oriental lineage. One of our most important ndings is that male sexual characters, including those widely used for taxonomic purposes, are subject to frequent convergent or parallel changes. This result calls into question many aspects of traditional Drosophila systematics. However, it does not necessarily imply that morphological traits are inferior to molecular sequences as sources of phylogenetic information. Rather, it underscores the need for a systematic cladistic approach to the analysis of morphological data. When such analysis has been undertaken, the results of molecular and morphological reconstructions are often in remarkable agreement (e.g., Hu and Toda, 2000; Katoh et al., 2000) .
